The photochemical reaction and molecular reorientation of a novel photosensitive polyester, poly[oxy(4-n-butyl-3,5-benzoate)oxy-1,4-phenylenediacryloyl] (PPDA-C4BZ), which contains n-butyl side groups and 1,4-phenylenediacryloyl units (PDA chromophores) in the main chain, are reported in detail. We applied two-dimensional (2D) correlation analysis for the infrared (IR) and ultraviolet (UV) absorption spectra of nanoscaled films of PPDA-C4BZ to establish the sequence of the photo-induced segmental reorientations that result from UV irradiation. The photochemical reaction was found to have a greater effect on the polymer's main chains than on its side groups and to induce the reorientation of the polymer molecules. In particular, a cycloaddition process occurs first in the PDA chromophore units and then the local reorientation of the polymer molecules is induced. Namely, such photodimerization of the PDA chromophores induces the molecular reorientations of the PDA chromophores and the benzoate units in the main chain. The photo-induced molecular reorientations occur in the following sequence: photodimerization ! benzoate units ! PDA chromophores ! n-butyl side groups. In addition, a two-dimensional map of the first derivatives of the UV absorption spectra with respect to the exposure energy provided evidence of the formation of head-to-head aggregates (i.e., H-aggregates) of PPDA-C4BZ molecules.
INTRODUCTION
The photochemistry of photosensitive polymer films has been extensively investigated due to their potential applications in liquid crystal (LC) display technology. [1] [2] [3] Such polymer film surfaces can be used to induce the alignment of LCs because of the anisotropic interaction between LC molecules and chromophores and/or photoproducts of polymer films when they are irradiated with linearly polarized ultraviolet light (LPUVL). [4] [5] [6] [7] This method enables the rubbing-free production of LC aligning films, and thus numerous studies have been carried out to elucidate the structural anisotropy and photochemical processes that result from the anisotropic photoreactions of such films. [8] [9] [10] However, the segmental motion induced in photosensitive polymer films by photoreaction has rarely been investigated. Moreover, polymers containing photoreactive chromophores in their polymer backbones have rarely been studied.
We have recently reported the synthesis of alignment layer polymers containing photoreactive moieties in their backbones that can induce the alignment of LC molecules perpendicular to the direction of the LPUVL. 11 These polyesters, poly[oxy(4-n-alkyl-3,5-benzoate)oxy-1,4-phenylenediacryloyl] (PPDA-CnBZ) (Cn: n-alkyl), are novel photosensitive polymers composed of a 1,4-phenylenediacryloyl unit (PDA, which corresponds to having two cinnamoyl moieties) per chemical repeat unit of the polymer backbone and have n-alkyl side groups (see Fig. 1 ). PPDA-CnBZ polymer molecules were found to mainly undergo photodimerization upon ultraviolet (UV) light irradiation in our previous study. 11 In addition, our previous report showed that irradiation with LPUVL induced the selective photoreaction of the PDA chromophores and the molecular reorientation of the polymer chains as follows. 11 The photodimerized PDA units were found to have a nearly isotropic distribution in the film plane. However, the unreacted PDA chromophores were found to be anisotropically distributed in a direction perpendicular to the polarization direction of the LPUVL. The unreacted PDA chromophores on the film surface were found to play a major role in the perpendicular LC alignment observed in LC cells on irradiated PPDA-CnBZ films.
In the present study, we carried out a more detailed investigation of these polyesters by closely examining the photoreaction-induced chain-segment reorientations and their sequence at the surfaces of PPDA-C4BZ films during photoreaction by using two-dimensional (2D) correlation analyses of the results of Fourier transform infrared (FT-IR) and ultraviolet-visible (UV-Vis) spectroscopy.
EXPERIMENTAL
Materials and Film Preparation. The PPDA-C4BZ polymer ( Fig. 1 ) was prepared according to the method described previously. 11 The weight-average molecular weight of PPDA-C4BZ was found to be 48 000 g/mol. The polymer films were obtained by spin casting a 1.0 wt% solution of PPDA-C4BZ in chloroform onto quartz for the UV spectral measurements and onto sodium chloride (NaCl) windows (25 mm diameter 3 2 mm thick) for the FT-IR spectral measurements. The films were then dried at room temperature for 12 h under vacuum. The resulting polyester films were determined to have thicknesses of around 400 nm by using a spectroscopic ellipsometer (J. A. Woollam, model M-44) and an a-stepper (Veeco, model Tektak3).
Measurements. Each PPDA-C4BZ film was irradiated with UV light of wavelength 260-380 nm using a high pressure 1.0 kW Hg lamp system (Altech, model ALHg-1000) with an optical filter (Miles Griot, model 03-FCG-179). The exposure dose was measured using a photometer (International Light Photometer, model IL1350) with a sensor (model SED 240). UV-Vis absorption spectra were obtained for various exposure doses using a Hewlett-Packard 8453 spectrophotometer. FT-IR spectroscopic measurements were carried out on a BOMEM DA8 FT-IR spectrometer. IR spectra were recorded at 4 cm À1 resolution with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector under vacuum, and interferograms were accumulated 256 times. The 2D correlation spectra were obtained using an algorithm based on a numerical method developed by Noda. 12, 13 The 2D correlation analyses were carried out after baseline correction of the FT-IR spectra. A subroutine named KG2D written in Array Basic language (GRAMS/386; Galactic Inc., NH) was employed in the 2D correlation analyses. 14 
RESULTS AND DISCUSSION
Two-Dimensional Map Representation. Figure 2a shows the FT-IR spectra of a PPDA-C4BZ film irradiated with unpolarized UV light for various exposure energies. The assignments of the vibrational modes were carried out according to previously reported results (Table I) . 11, [15] [16] [17] As described in a previous report, 11 the PDA chromophores in PPDA-C4BZ films mainly undergo photodimerization when the films are irradiated with UV light.
To obtain information about the changes in intensity in the spectra of the polymer chains, we created a 2D map for the PPDA-C4BZ film that plots the values of the first derivatives of the absorbance with respect to the exposure energy over the space of exposure energy versus wavenumber on a single map, 18 as shown in Fig. 2b . The 2D map shows that the intensities of the vibrational modes at 1631 and 979 cm À1 , which originate from the vinylene C¼C groups of the PDA chromophores, decrease with the commencement of the photoreaction and then slowly decrease with further increases in the UV exposure energy. The contribution of the decrease in the intensity of the band due to the conjugated C¼O stretching vibrations of the PDA chromophores could not be resolved in the present study because of its overlap with the band due to the conjugated C¼O stretching vibrations of the benzoate groups in the main chains. The characteristic infrared frequencies of ester C¼O groups conjugated with C¼C groups or aromatic rings are also known to appear in this region. However, the decrease in intensity of the band due to the conjugated C¼O stretching mode of the benzoate units is expected as a result of the UV irradiation. Therefore, the change in intensity of the band at 1724 cm À1 originates principally from the photoreaction of the PDA chromophores. Further, as the exposure energy increases, there are decreases in the intensities of all the absorption bands in the 1400-900 cm À1 region, many of which are due to C-H bending vibrations in the benzene rings and alkyl side groups, and C-O stretching vibrations in the ester linkages in the PDA chromophores and benzoate units. 10 In particular, the intensity of the band at 1756 cm À1 due to the non-conjugated C¼O stretching vibration increases monotonically with increases in the UV exposure energy. This band is associated with the photodimerization of PDA chromophores. We have described the photoreactions of PPDA-CnBZ films in detail in a previous paper. 11 The UV absorption spectra and corresponding 2D map for the PPDA-C4BZ film are shown in Fig. 3 . The PPDA-C4BZ film absorbs UV light strongly in the range 250-400 nm. The strong, broad band centered at 332 nm due to PDA chromophores apparently decreases in intensity and shifts towards 292 nm as the exposure dose increases. The broad band at 332 nm cannot be clearly resolved in the 2D map ( Fig.   3b ) of the first derivatives of the UV absorption spectra with respect to the exposure energy, but the spectral change in the blue shifted band at 292 nm can be discerned.
It was reported that the blue shift in the UV-visible spectra of p-phenylenediacrylic acid derivative films during photoreaction indicates the enhancement of head-to-head aggregates (Haggregation) of the conjugated parts of the molecules. [19] [20] [21] Moreover, Egerton et al. 22, 23 and Hirayama 24 have shown that the cinnamoyl groups in poly[1,4-bis(ethylenyloxy)cyclohexane p-phenylenediacrylate] and poly(vinyl cinnamate) derivatives form eleven stereoisomeric products through photodimerization; the distribution of the stereoisomeric products is non-uniform, with a preponderance of regioisomeric head-to-head dimers over regioisomeric head-to-tail dimers. Graley et al. 25 concluded that the predominance of head-to-head dimers indicates that photodimerization arises through contact between different macromolecules or between distant parts of the same chain. The tendency of the chromophores to aggregate depends on the structure of the polymer molecules, and the fractions of the aggregates differ for different polymers, even though they have the same chromophores.
These UV spectroscopic results suggest that the PDA chromophores in the PPDA-C4BZ film tend to aggregate in head-to-head pairings of the conjugated parts of the polymer molecules, which enhances the formation of head-to-head dimers during photoreaction.
Two-Dimensional Correlation Analysis. To obtain detailed information about the molecular reorientations of the polymer segments that result from UV-light irradiation, we analyzed the FT-IR and UV absorption spectra using 2D correlation spectroscopy. 2D correlation spectroscopy is a wellestablished analytical technique that has been used to considerable utility and benefit in various spectroscopic studies of polymers. 12, 13 Some of the notable features of generalized 2D correlation spectra are the simplification of complex spectra consisting of many overlapped peaks, the enhancement of spectral resolution by spreading peaks along the second dimension, the establishment of unambiguous assignments through the correlation of bands selectively coupled by various interaction mechanisms, and the determination of the sequence of the emergence of the spectral peaks. The details of this technique have been described previously. 12, 13 The 2D correlation spectra were constructed from FT-IR and UV spectra measured at 0.5 J/cm 2 intervals over the exposure energy range 0 to 3.0 J/cm 2 . Figure 4 shows the synchronous and asynchronous 2D correlation IR spectra of a PPDA-C4BZ film irradiated with various exposure doses, measured in the range 1800-1500 cm À1 . A power spectrum extracted along the diagonal line of the synchronous 2D correlation spectrum is shown at the top of Fig. 4a . In the synchronous 2D FT-IR correlation spectrum (Fig. 4a ), the positive cross-peak at (1724, 1631) cm À1 and the negative cross-peaks at (1756, 1724) and (1756, 1631) cm À1 show there is an increase in the intensity of the band at 1756 cm À1 , which originates from the vibrational motions of the photoproduct, whereas the intensities of those at 1724 and 1631 cm À1 due to the PDA chromophores decrease during UVlight irradiation. Thus, the intensity changes in these spectral regions during UV-light irradiation suggest that the orientations of the acryloyl units in the PDA chromophores are strongly influenced by the photoreaction. The corresponding asynchronous 2D correlation spectrum shown in Fig. 4b reveals the photo-induced molecular reorientation behaviors of the polymer chains in the PPDA-C4BZ films. The cross-peak at (1631, 1595) cm À1 for vinylene C¼C stretching and phenyl ring stretching in PDA chromophores indicates that the orientations of the acryloyl units in the PDA chromophores change more rapidly than those of the neighboring phenyl rings in the PDA chromophores. The crosspeak at (1631, 1560) cm À1 for the phenyl ring vibration at 1560 cm À1 in the benzoate units and vinylene C¼C stretching at 1631 cm À1 in the PDA chromophores indicates that the photoreactions in the PPDA-C4BZ film induce changes in the orientation of the benzoate units before the reorientation of the PDA chromophores. From the slice spectrum at 1595 cm À1 of the asynchronous 2D correlation spectrum (not shown), we can also determine the sequence of the molecular reorientations of the phenyl rings in the PDA chromophores (1595 cm À1 ) and the benzoate units (1560 cm À1 ): the benzoate unit orientation changes more rapidly than that of the PDA chromophores. In particular, the band at 1756 cm À1 originating from the photodimer changes more rapidly than those due to the PDA chromophores (1631 and 1595 cm À1 ) and the benzoate units (1560 cm À1 ).
Taking into account the segmental motions of the PDA chromophores and the benzoate units in the main chain, these observations lead to the conclusion that the photo-induced molecular reorientations occur in the following sequence: photodimerization ! benzoate units ! PDA chromophores. Thus, in films of PPDA-C4BZ, which has photosensitive chromophores in its backbone, the cycloaddition process occurs first, which then induces segmental motions in the main chains of the polymer molecules. This molecular reorientation behavior is different from the photo-induced molecular rearrangement in films of poly (methyl 4-(methacryloyloxy)cinnamate) (PMMCi), which has photosensitive centers in its side groups. The photodimerization of the PMMCi film occurs after the molecular reorientation of the cinnamoyl chromophores, as shown in our previous study. 18 The difference between PPDA-C4BZ and PMMCi is the location of the photoreactive chromophores. The PDA chromophores in PPDA-C4BZ are part of the polymer backbone. It is known that photosensitive polymers containing photoreactive chromophores in side groups undergo photoreaction as a result of nearest-neighbor interactions. 25 In contrast, photoreactions cannot occur between nearest neighbors in the chains of polymers containing photoreactive chromophores such as PDA chromophores in their main chains, but they can occur between different macromolecules or between distant parts of the same chain. 25 Moreover, it has been reported that there is a drastic change in the molecular conformation of the conjugated part of the PDA unit in the molecule during photoreaction. 19 The cycloaddition process is believed to be accompanied by reorientation of the neighboring phenyl group and a decrease in the molecular area of the unreacted molecules. 19 Given the results of the previous studies described above, the 2D FT-IR correlation analysis presented here suggests that the cycloaddition process occurs first in the PPDA-C4BZ film, which then induces the molecular reorientations in the main chains of the polymer molecules.
To further examine the molecular reorientation of the n-alkyl side groups, we carried out an analysis of the 2D correlation of the 1500-1800 cm À1 and 2700-3000 cm À1 regions. In general, aliphatic alkyl chains absorb strongly in the region 2700-3000 cm À1 . [15] [16] [17] The bands due to the asymmetric and symmetric CH 3 stretching vibrations in the PPDA-C4BZ film are observed at 2958, 2932, and 2871 cm À1 , respectively. Figure 5 shows the synchronous and asynchronous 2D IR correlation spectra for the 1500-1800 cm À1 and 2700-3000 cm À1 regions. A positive cross-peak in the synchronous 2D spectrum indicates that the C-H stretching bands are directly correlated with the specific bands in the 1500-1800 cm À1 region, whereas if a cross-peak is negative, the origins of the C-H stretching bands are not correlated. The band at 1756 cm À1 assigned to the photodimer has negative cross-peaks at 2958, 2932, and 2871 cm À1 in the C-H stretching region, whereas at 1724, 1631, 1595, and 1560 cm À1 there are positive cross-peaks in the C-H stretching region. It is proposed that the aliphatic side groups undergo cooperative reorientation with the PDA chromophores and the benzoate units in the main chains as a result of the photoreaction.
Note in Fig. 5b that the bands at 2958 and 2932 cm À1 assigned to the CH 3 asymmetric stretching vibrations of the nalkyl side groups change after the molecular reorientation of the PDA chromophores (1631 and 1595 cm À1 ) and benzoate units (1560 cm À1 ). In addition, the band at 2872 cm À1 originating from the CH 3 symmetric stretching vibration of the n-alkyl side groups also changes after the PDA chromophores and the benzoate units.
The above 2D FT-IR correlation analyses indicate that the photo-induced molecular reorientations occur in the following sequence: photodimerization ! benzoate units ! PDA chromophores ! n-alkyl side groups.
To further investigate the photo-induced molecular reorientations of the PPDA-C4BZ film, we performed a 2D heterospectral UV-IR correlation analysis. 2D hetero-spectral correlation analysis can be used to compare two completely different types of spectra obtained for a system using multiple spectroscopic probes under a similar external perturbation. 8 If there is any commonality between the response patterns of system constituents monitored by two different probes under the same perturbation, one should be able to detect the correlation even between different classes of spectral signals. Figure 6a displays the synchronous 2D hetero-spectral UV-IR correlation spectrum. The negative cross-peak (332 nm and 1756 cm À1 ) shows that the band assigned to PDA chromophores at 332 nm in the UV spectra has a different origin from that assigned to the non-conjugated C¼O stretching vibration of PDA chromophores at 1756 cm À1 in the IR spectra. Figure   FIG 6b shows the asynchronous 2D hetero-spectral UV-IR correlation spectrum. Note in Fig. 6b that the band at 332 nm decreases in intensity first and then the intensity of the IR band at 1756 cm À1 increases before those of the IR bands at 1726, 1631, 1595, and 1560 cm À1 decrease, again confirming that photodimerization occurs more rapidly than the molecular reorientation of the PDA chromophores and the benzoate groups.
CONCLUSION
Two-dimensional correlation analyses of FT-IR and UV spectra were used to probe the reorientation sequence of the photosensitive PDA chromophores and their photoproducts in PPDA-C4BZ films. We found that the photosensitive PDA chromophores in the PPDA-C4BZ film exhibit molecular reorientation behaviors that are different from those of photoreactive polymers containing photoreactive centers in their side groups. The photodimerization of the PDA chromophores occurs faster than the local segmental reorientations of the PPDA-C4BZ polymer molecules. The analysis of the 2D IR correlation spectra revealed that the cycloaddition process induces the photo-induced molecular reorientations of the PDA chromophores and the benzoate units in the main chains during photoreaction. Overall, the polymer segments undergo photoinduced reorientation in the following sequence: photodimerization ! benzoate phenyl ring (main chain) ! vinylene C¼C (main chain) ! PDA phenyl ring (main chain) ! aliphatic n-alkyl group (side group).
We also used 2D mapping of the UV-absorption spectra to demonstrate the presence of H-aggregates (head-to-head aggregates) in the PPDA-C4BZ film.
